Abstract. Because transgenic mice expressing an altered stoichiometry of neurofilament proteins develop a motor neuron degeneration associated with neurofilamentous aggregate formation similar to that found in amyotrophic lateral sclerosis (ALS), we studied the expression of intermediate filament proteins in sporadic ALS. Archival cervical spinal cord paraffinembedded sections from 11 disease and 11 control cases were studied by either in situ hybridization using 35 S-labeled riboprobes or immunohistochemically using specific antibodies for the individual neurofilament subunit proteins, ␣-internexin, nestin, peripherin, vimentin, ␤-actin, or T␣1-tubulin. Median NFL, ␣-internexin, and peripherin steady-state mRNA levels were significantly reduced in the lateral motor neuron cell column (p Ͻ 0.05) of ALS cases, while neither NFM nor NFH mRNA levels were altered. ALS cases demonstrated an elevation of ␤-actin mRNA levels (p Ͻ 0.01) with no increase in T␣1-tubulin mRNA levels. No motor neuronal expression of nestin or vimentin was observed. Ubiquitin-immunoreactive perikaryal aggregates were immunoreactive for NFH or ␤-actin, but not for peripherin, ␣-internexin, vimentin, or nestin. In contrast, neuroaxonal spheroids were strongly immunoreactive for NFH and peripherin, but not for ␤-actin, ␣-internexin, vimentin, or nestin. These findings suggest that the stoichiometry of cytoskeletal protein expression in ALS spinal motor neurons is significantly altered in a pattern conducive to the formation of neurofilamentous aggregates.
INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is an adult-onset neurodegenerative disease in which the loss of motor neurons ultimately leads to death. Although the etiology is unknown, a key histological marker of the degenerating motor neurons in ALS is the presence of intraneuronal neurofilamentous aggregates containing a rich mixture of cytoskeletal proteins and enzymes. This includes neuronal intermediate filaments (IF) , ubiquitin, nitric oxide synthase and its metabolic byproducts, SOD1, and a variety of oxidative markers (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . While the genesis of these aggregates is unknown and their exact relationship to the pathogenesis of ALS controversial, experimentally induced alterations in neurofilament (NF) metabolism can lead to neurofilamentous aggregate formation and concomitant motor neuron degeneration (see ref 12 for review). Such abnormalities can include disturbances in the stoichiometry of the NF subunit proteins (13) (14) (15) (16) , altered NF structure (17) (18) (19) , or post-translational modifications (20, 21) .
Neurofilaments are the primary IF proteins expressed in the adult neuron (22) . In common with the remaining proteins of the IF family, each NF subunit protein shares a highly conserved ␣-helical core domain of approximately 310 amino acids flanked by amino and carboxy terminus domains (23) . The molecular weight of the subunit proteins is largely determined by the number of multiphosphorylation repeat (MPR) sequences in the C-terminus domain, giving rise to individual NF subunits with molecular weights of 68 kDa (NFL), 160 kDa (NFM), and 200 kDa (NFH) by SDS.PAGE (24) . Neurofilament proteins co-assemble into filamentous structures as obligate heteropolymers in a process that is integrally dependent upon the initial formation of either NFL homopolymers or heteropolymers of NFL/NFM or NFL/NFH (25) (26) (27) . While neither NFM or NFH are assembly competent in the absence of NFL, NFH C-terminus domains are important to the formation of NF cross-bridges and contribute to the role of the NF triplet as an integral determinant of axonal caliber (28) .
In addition to the expression of NF, developing and mature neurons can also express a number of related intermediate filaments, including vimentin, peripherin, and ␣-internexin. Both in vitro and in vivo, the expression of the IF proteins is developmentally regulated such that ␣-internexin, peripherin, and vimentin are expressed early and precede the expression of NF proteins (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) . In the mature nervous system, NF expression is ubiquitous with few exceptions while peripherin and ␣-internexin expression is more topographically restricted with little overlap between the 2 (38) . Neither vimentin nor nestin is expressed in mature neurons. Peripherin expression is largely restricted to neurons with projections outside of the central nervous system (e.g. spinal motor neurons, sympathetic ganglia, sensory ganglia) (39, 40) . ␣-Internexin expression, in contrast, is largely restricted to neurons in which projections remain within the central nervous system (33, 41) . The ability of vimentin, peripherin, or ␣-internexin to form homopolymers in vitro is well All cases were utilized in the hybridizations of NFH, NFM, and NFL, whereas cases a7-a11 and c7-c12 were utilized in the study of the expression of ␤-action, ␣-internexin, peripherin, vimentin, ␣-tubulin and nestin. 1 Duration from symptom onset to death. 2 Ischemic heart disease. 50ЊC  50ЊC  50ЊC  45ЊC  48ЊC   50ЊC  50ЊC   45ЊC   45ЊC  50ЊC characterized, as is the ability of each to form heteropolymers with the NF subunit proteins both in vivo and in vitro (42) (43) (44) (45) (46) (47) (48) (49) (50) . Thus, there is evidence of a tightly regulated pattern of neuronal IF expression, both developmentally and topographically. The initial cytoskeletal network formed by ␣-internexin, vimentin, peripherin, or nestin is either completely or partially replaced, presumably through heteropolymer formation with the more stable NF network as the NF proteins are expressed (51) .
As with alterations in the stoichiometry of NF protein expression, it is also clear that alterations in the stoichiometry of either peripherin or ␣-internexin can lead to neurofilamentous aggregates and a progressive degenerative disease (52, 53) . Given this, the observation by Bergeron and colleagues of a reduction in NFL steady state mRNA levels in diseased spinal motor neurons in ALS is of interest (54) . In the current study we have determined whether this observation reflects a selective suppression of NFL mRNA thereby giving rise to a unique alteration of the stoichiometry of NF protein expression in ALS, or a component of altered gene expression as a reflection of neuronal injury. Our observations demonstrate a selective suppression of NFL mRNA not associated with either NFM or NFH mRNA suppression. ␤-Actin mRNA levels are elevated in the absence of an increase in T␣1-tubulin in all cases of ALS studied. Both peripherin and ␣-internexin mRNA levels were also reduced in the sporadic cases. These findings suggest that the stoichiometry of IF expression is markedly disrupted in ALS in a pattern that cannot be accounted for by an abortive regenerative response.
MATERIALS AND METHODS

Cases
Archival cervical spinal cord sections of 11 sporadic ALS (mean age 61.8 Ϯ 8.4 yr; postmortem interval 12.8 Ϯ 4.3 h) and 11 age-matched control cases (mean age 60.9 Ϯ 18.3 yr; postmortem interval 10.3 Ϯ 5.5 h) were selected ( Table 1 ). All ALS cases were clinically and neuropathologically definite ALS (55) . Six-m sections of the paraffin-embedded tissue were utilized for either the in situ hybridization or immunohistochemical studies.
Synthesis of Riboprobes
The cDNA probes and hybridization temperatures used in this study are summarized in Table 2 . The cDNA sequences were confirmed for each probe by sequencing and comparison to published gene sequences by BLAST search. The NF cDNA's were supplied as inserts in pBluescript SK Ϫ plasmids such that the orientation of the T7 transcript yielded the antisense probe while the T3 generated transcript provided the sense probe. The complementary DNA of ␣-internexin was kindly provided by Dr. R. Liem and is homologous to a portion of the first exon of human ␣-internexin (Genbank no. S78296) (33) . Dr. Freda Miller kindly provided the T␣1-tubulin cDNA (56 1:500 sense and antisense-labeled riboprobes as control hybridizations for a non-cytoskeletal protein. Both antisense and sense probes were generated for each cDNA with the sense probe serving as a control. 35 S-labeled riboprobes were synthesized according to the supplier's protocol (Promega, Madison, WI) with the labeled riboprobes subjected to limited alkaline hydrolysis before ethanol/chloroform extraction. The pellet was re-suspended in 100 L of 10 mM dithiothreitol (DTT).
In Situ Hybridization
The cervical spinal cord sections were deparaffinized, re-hydrated, washed in 1ϫ phosphate-buffered saline (PBS) for 3 min, and then digested with proteinase K (5.0 g/ml of 50 mM Tris-HCl, pH 7.4; 5 mM EDTA, pH 8.0) at 37ЊC for 15 min. After another wash with 1ϫ PBS for 3 min, the sections were treated with 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0 for 15 min at room temperature (RT). Following a brief wash with 2ϫ saline sodium citrate (SSC), the slides were rehydrated and then pre-hybribidization was carried out (hybridization buffer (HB): 4ϫ SSC, 1ϫ Denhardt's, 1 mM EDTA, 100 g/ml herring sperm DNA, 125 g/ml tRNA, 10% dextran sulfate, and 50% formamide) at 37ЊC for 2-4 h. The HB was replaced by 50 l of HB containing 1-3 ϫ 10 5 cpm of labeled riboprobes and the sections were hybridized for 16-18 h.
Following hybridization, the slides were washed with 2ϫ SSC for 15 min at RT and the unbound riboprobes were digested with ribonuclease A (Sigma) for 60 min at RT. The slides were then washed with ribonuclease buffer (0.5 M NaCl; 10 mM Tris-HCl, pH 8.0; 1 mM EDTA, pH 8.0) at RT and SSC with increasing stringency (twice with 1ϫ SSC/10 mM DTT, 37ЊC, 15 min; 0.2ϫ SSC/10 mM DTT, 45ЊC, 30 min; 0.2ϫ SSC, 45ЊC, 15 min). The slides were air dried and coated with 1:1 diluted NTB2 liquefied emulsion. The exposure was carried out at 4ЊC in light-tight containers for 4-8 days following which grain development was accomplished using standard techniques.
Immunohistochemistry
Antigen retrieval was required to optimize immunohistochemical staining. Following deparaffinization using routine methodologies, the sections that were to be processed for ubiquitin, ␤-actin, ␣-internexin, peripherin, or nestin immunostaining were incubated in preheated (90Њ-95ЊC) 0.1 M Tris-HCl buffer (pH 10) for 20 min and then kept in the same solution at room temperature for 20 min. The sections processed for SMI-31 single labeling were digested with 0.1% trypsin in 0.01 M phosphate buffered saline (PBS, pH 7.2) for 15 min at 37ЊC.
First or Single Staining: After incubation with 3% hydrogen peroxide (H 2 O 2 ) for 5 min and then 5% BSA for 20 min at room temperature, the sections were incubated over night with the first primary antibody at 4ЊC (Table 3) . Control sections were incubated with PBS in the absence of the primary or secondary antibody. The appropriate secondary antibody (biotinconjugated anti-mouse or anti-rabbit IgG, 1:200, 1 h room temperature) was applied. For single labeling and ␣-internexin/ SMI-31 double staining, the secondary antibody was localized with the Elite avidin-biotin complex (Elite ABC, Vector Laboratories, Burlingame, CA) with 0.05% 3-3Ј diaminobenzidine tetrachloride (DAB) (Sigma, St. Louis, MO) as a peroxidase substrate (5 mg DAB in 5 ml of PBS ϩ 1.7 l of 30% H 2 O 2 ). The single labeling sections were then counterstained with hematoxylin and coverslipped with permount after dehydration and clearance. If double labeling was to be performed, the secondary antibody was localized by the avidin-biotin complex-AP (Vector Laboratories) with alkaline phosphatase (Alkaline phosphatase substrate kit, Vector Laboratories) as an enzyme marker. When preparing the substrate solution, 1 mM levamisole was added into 0.1 M Tris-HCl (pH 8.2) buffer in order to block endogenous alkaline phosphatase activity.
Second Staining: Some slides were double immunolabeled. After washing with PBS, the sections were incubated with 5% BSA in PBS for 20 min at room temperature and followed by an overnight incubation with the second primary antibody at 4ЊC. Control sections were incubated with PBS without first or secondary antibody. For sections that had been initially incubated with biotin conjugated secondary antibodies (1 h at room temperature), the secondary antibody was visualized with DAB as a peroxidase substrate. Sections were counterstained with hematoxylin and coverslipped by using permount after dehydration and clearance. For ␣-internexin/SMI-31 double labeling, the sections were incubated with Rhodamine-conjugated secondary antibodies (1:200), coverslipped using anti-fade mount medium without counterstaining, dehydration or clearance, and visualized under fluorescence microscopy.
Data Collection and Analyses
Motor neurons were identified using morphological criteria as previously described (57) . They were further classified as medial versus lateral cell populations. Only the motor neurons in which both the nuclei and the nucleoli were observed were used for grain counting. An image of each motor neuron was captured with the imaging software ''Northern Exposure'' or ''Northern Eclipse'' (Empix, Mississauga, Ontario, Canada). The cross-sectional areas of the motor neurons were also calculated by the software. Grain densities were expressed as counts per area (total area minus nuclear area). Corrected grain densities were calculated by the subtraction of background 
RESULTS
Morphometric Studies
For the analysis of neuronal size and number, all available data from each hybridization was used. Cervical spinal motor neurons were both significantly smaller in ALS cases than those in control cases (p Ͻ 0.001) and reduced in number (p Ͻ 0.001) ( Table 4 ).
In Situ Hybridization Analysis
All hybridizations were performed using both sense and antisense radiolabeled riboprobes. An example of the in situ hybridization for NFH is illustrated in Figure 1 . Although intensely hybridized with the anti-sense probe (Fig. 1a) , little hybridization occurred when the sense labeled probe was used (Fig. 1b) .
We observed no evidence of motor neuron hybridization with vimentin, nestin, or T␣1-tubulin riboprobes. We did however observe hybridization of small cells in the periaqueductal region with both nestin and T␣1-tubulin riboprobes-consistent with the location of primordial cells. Hybridization grain densities for GAPDH did not differ significantly between control and ALS cases (Table  5) , either for the data as an aggregate or within individual comparisons (t-test).
No significant differences in the grain densities of NFH or NFM riboprobe hybridizations were observed between sALS and control, either for the analysis by the total ventral horn motor neuron population (Table 5) or by individual cell columns (Table 6 ; Fig. 2 ). No significant difference was observed between the corrected grain density for NFL mRNA levels in sALS and control when the Corrected grain densities are expressed as the ratio of ALS to control grain density for both the medial (gray) and lateral (black) motor neuron cell column. In all instances, NFL mRNA steady state levels are significantly reduced in the lateral motor neuron cell column, while NFH and NFM levels are unaffected. In sporadic ALS cases, ␣-internexin and peripherin mRNA levels are also reduced, while only familial ALS cases showed an increased peripherin expression. All cases studied demonstrated increased ␤-actin mRNA levels.
anterior horn cells were considered on whole. However, following categorization as either medial or lateral populations of motor neurons, a significant decrement (29%) of NFL mRNA in the ventral lateral spinal motor neurons was found (p Ͻ 0.05) (Fig. 2) . Similarly, ␣-internexin and peripherin steady state mRNA levels were reduced within the lateral motor neuron cell column, but not in the medial column (p Ͻ 0.01). In all cases, ␤-actin mRNA levels were significantly increased in the lateral motor neuron cell column, but not in the medial (p Ͻ 0.01).
In an attempt to understand the isolated reduction in NFL steady state mRNA levels, sparing both NFH and NFM, Spearman correlation studies were performed separately for both control and ALS cases ( Table 7) . The variables studied included corrected grain density, the cross-sectional area of the motor neurons, age at death, postmortem interval, and disease duration. A negative correlation between the age at death and the corrected grain density was found for NFH mRNA levels in the ALS cases. Although an age-dependent increase in NFH levels was observed in the control cases, there was no significant difference between NFH mRNA levels of control and ALS cases (Table 6 ). We did not observe an association between the age at death and corrected grain densities for NFM, NFL peripherin, ␣-internexin, or ␤-actin mRNA levels in the control cases, suggesting that there is not a significant loss of NFL mRNA with normal aging. In the ALS cases however, NFM, NFL, and ␤-actin mRNA levels were negatively associated with the age, although the measures of ␤-actin mRNA levels remained elevated compared to controls. The postmortem interval also proved to be inversely correlated with the corrected grain densities of NFM, NFL, peripherin, ␣-internexin and ␤-actin in all ALS cases, whereas only peripherin and ␤-actin showed the same correlation in the control cases. No significant difference in postmortem intervals was observed between the ALS and control groups. This might suggest a specific reduction in postmortem mRNA stability for NFL, NFM, and ␣-internexin in the ALS cases.
Immunohistochemistry
The immunohistochemical findings are summarized in Figure 3 . Both perikaryal and neuroaxonal neurofilamentous aggregates were readily identified using SMI 31 immunostaining. As discussed by previous authors, ubiquitin immunostaining consisted of both skeins of immunoreactive material and dense Lewy body-like inclusions (58 SMI 31 antibody, while smaller skeins of ubiquitin immunoreactivity were not. However, these skeins were immunoreactive for ␤-actin. As discussed by previous authors, neuroaxonal spheroids were rarely immunoreactive for ubiquitin, but were robustly immunostained for both peripherin and phosphorylated NF (7). The latter structures were not immunoreactive to ␤-actin, consistent with the findings of Leigh and colleagues (8) . No significant immunostaining of either nestin or vimentin was observed for either the neuroaxonal spheroids or perikaryal inclusions. Control motor neurons demonstrated diffuse immunostaining for ␣-internexin within the perikaryon and faint staining of neuritic processes. In contrast, perikaryal staining was not observed in ALS motor neurons, nor was there evidence of either perikaryal aggregate or neuroaxonal spheroid immunostaining.
DISCUSSION
We observed a significant disruption in the stoichiometry of IF expression in cervical motor neurons in ALS in which NFL, ␣-internexin, and peripherin steady state mRNA levels are uniformly reduced in the lateral cell columns in the absence of alterations in NFM or NFH steady state mRNA levels. Neither vimentin nor nestin mRNA was detectable in spinal motor neurons. ␤-Actin mRNA levels were elevated in all cases. These observations are unlikely to reflect a nonspecific alteration in motor neuron gene expression in ALS given the absence of steady state mRNA changes for the mitochondrial marker GAPDH. The lack of an increase in T␣1 tubulin or peripherin steady state mRNA levels in the sporadic cases suggests that this pattern of gene expression is not a response to peripheral nerve injury. Were the latter to be the case, we would have expected increased mRNA levels of ␤-actin, ␣-internexin, and peripherin with uniform suppressions of NF mRNA levels (40, (59) (60) (61) (62) (63) (64) (65) (66) (67) . To our knowledge, the only exception to the latter pattern has been the finding of suppressed T␣1 tubulin mRNA levels in cortical motor neurons following a corticospinal tract lesion (68) .
As discussed earlier, transgenic models of altered NF homeostasis support the concept that alterations in NF stoichiometry can be of pathogenic significance in the development of a motor neuron disease. The most relevant of the models in relationship to our observations has been the recent development by Julien and colleagues of (NFL Ϫ/Ϫ peripherin ϩ/ϩ) transgenic mice (52) . In these, NFL expression is reduced and peripherin is overexpressed, leading to the development of late-onset motor neuron degeneration bearing many of the ultrastructural hallmarks of ALS. Although none of our sporadic cases demonstrated an up-regulation of peripherin steady state mRNA levels, all cases demonstrated intense peripherin co-localization with neuroaxonal neurofilamentous aggregates. Previous studies have shown that peripherin localization is largely segregated to the axonal processes of motor neurons. As discussed earlier, in vitro studies have also shown that peripherin can serve as a surrogate for NFL in the initial NFL homopolymer formation that is required to initiate the NF triplet assembly, and that peripherin can become integrated into the NF triplet structure. Unknown however is the mechanism by which NFL/peripherin heteropolymer formation alters NF triplet metabolism to lead to neuroaxonal spheroids in the presence of reduced NFL levels.
The etiology of the reduction in NFL mRNA levels is unknown. However, such a reduction could arise from at least 2 origins, including suppressed transcription of NFL or lowered NFL mRNA stability. Our observation of an inverse relationship between NFL and NFM mRNA levels and both postmortem interval and age in ALS cases, not evident in control cases, provides suggestive evidence for reduced NFL mRNA stability in ALS cases. In support of this, NFL mRNA steady state levels in the rat . SMI 31, recognizing phosphorylated NFH, fails to stain normal motor neuron perikarya but recognizes neuritic processes (A). In ALS, spinal motor neuron perikarya are diffusely immunoreactive for phosphorylated NF (B), neuritic processes become markedly distended (C, arrow) and neuroaxonal spheroids are intensely immunoreactive (D, arrow). ␤-actin immunostaining is not normally evident in control spinal motor neurons (E). However, in ALS, discrete perikaryal aggregates of ␤-actin immunoreactive material are evident (F, G; arrows). In both (F) and (G), neurons have been double-labeled with ubiquitin and stained with alkaline phosphatase giving rise to the reddish-brown coloration suggesting a colocalization of ␤-actin with ubiquitin. Neuroaxonal spheroids were not ␤-actin immunoreactive with the exception of rare punctate regions (H, arrow). ␣-Internexin immunostaining was evident in control motor neurons diffusely throughout the cytoplasm (I), but was not evident in either ALS motor neurons (G, arrow) or neuroaxonal spheroids (K, arrow). ALS cases demonstrated an increased number of ␣-internexin immunoreactive structures within the white matter (G, arrows). Double labeling of (K) with SMI 31 and detection using a Rhodamine-conjugated secondary antibody confirmed the failure of colocalization of ␣-internexin with NFH in spheroids (L, arrow). Peripherin staining (alkaline phosphatase, red reaction product) was observed in some normal motor neuron perikarya (M, arrowhead) but not in others (M, arrow). In ALS, a range of motor neuron staining was observed, including an absence (N, arrow), faint staining (O, arrowhead) and intense staining (P, arrow). Parts N-P are all double-labeled with ubiquitin (DAB reaction product). Ubiquitin-positive intraneuronal aggregates (Lewy-like bodies) were observed in many peripherin-positive ALS motor neurons, but there was not evidence of peripherin/ubiquitin colocalization within the aggregates (O and P, arrowheads). Neuroaxonal spheroids were intensely immunoreactive for peripherin (P, asterisk). Nestin failed to stain either control (Q) or ALS motor neurons (R and S). Similarly, neuroaxonal spheroids were not immunoreactive (T, arrow). However, occasional small cells with scant cytoplasm were found to be nestin immunoreactive in both ALS and control case (R and S, arrow). cerebral cortex during postnatal development are primarily regulated by mRNA stabilization (69) . The stability of the NFL mRNA is related to the 3Ј untranslated region of the mRNA (70) . Okadaic acid treatment of mouse P19 embryonal carcinoma cells de-stabilizes NFL mRNA without altering gene transcription (71) . Conversely, although little is known about the transcriptional control of NFL, it has been shown that the presence of DNA unwinding elements is essential for NFL transcription (72) and that both transcription and protein expression are under control of the first intron of NFL (73) . The finding of uniform suppressions of NFL, ␣-internexin and peripherin steady state mRNA levels with no compensatory increase in either vimentin or nestin suggests that altered transcription, involving common regulatory elements, should also be considered.
The observation of neurofilamentous aggregate formation in ALS is well established, and is believed to be an early pathological hallmark of the disease process (4, 74) . The co-localization of ubiquitin immunoreactivity with neurofilamentous aggregates has been taken to illustrate the targeting of intracellular proteinaceous material for proteolytic degradation (8, 75) . In addition, skeins of ubiquitin-positive material independent of NF have been observed in ALS, although the substrate for this ubiquitin conjugation has not been found. Our observations suggest that the substrate for this is ␤-actin, and that ␤-actin expression is disturbed in ALS. Although Leigh and colleagues (1989) had previously studied actin expression in ALS and failed to find actin-positive intracellular inclusions, it is not clear that the monoclonal antibody that was used (recognizing G-actin) recognized ␤-actin (76). Mather and colleagues (1993) isolated a 32.5 kDa protein unique to spinal cords of ALS patients that showed cross reactivity with actin and which immunostained Lewy body-like inclusions in ALS tissue (77) . These authors suggested that inclusions contained actin degradative products. Potentially, therefore, the interaction of IF with ␤-actin microfilaments is of interest to the pathogenesis of ALS.
␤-Actin is microfilament integral to anchoring the neuronal cytoskeleton to the cell membrane and to other intracellular proteins. The interaction of actin with other cytoskeletal proteins occurs through cross-linking proteins from the plakin family, specifically BPAG1 (bullous pemphigoid antigen 1). The N-terminus domain of the neuronal isoform of BPAG1 (BPAG1n; also known as dystonin) contains 2 putative actin binding domains, while the C-terminus domain contains regions have been proposed to interact with NF or peripherin (78, 79) . However, actin can also form stable interactions with NF, particularly NFL, in the absence of BPAG1n (80) and can modify the visco-elastic properties of NF gel formation in vitro (81) . While the absence of BPAG1n in mice results in dystonia musculorum (dt/dt)-a severe degeneration of primary sensory neurons in which neurofilamentous axonal swellings are present (82)-BPAG1/NF-L double knockout mice are phenotypically indistinguishable from BPAG1 knockout mice. The double knockout mice possess similar axonal swellings, although they lack the NF component (83) . Dorsal root ganglia cultures from BPAB1/NFL null mice demonstrated defects in microtubule organization, suggesting that BPAG1 is an important regulator of the interactions amongst all 3 cytoskeletal filament networks (IF, microfilaments, and microtubules). At minimum, our observations suggest 980 WONG ET AL J Neuropathol Exp Neurol, Vol 59, November, 2000 that the role of cytoskeletal cross-linking proteins in ALS should be further studied.
Finally, the functional consequences of an absolute reduction in NFL expression in ALS that is not compensated for should be considered. As discussed earlier, alterations in the stoichiometry of NF subunit protein expression have been associated with the induction of motor neuron degeneration and provides support for the hypothesis of altered NF stoichiometry as being of pathogenic significance in ALS. In addition, we have recently proposed that NFL can serve as an intraneuronal sink for reactive nitrating species in spinal motor neurons (84, 85) . An absolute deficit of NFL in ALS might thus lead to a deficiency in the neuronal capacity to buffer reactive nitrating species. This implication of such a process is the subject of current studies.
